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ABSTRACT

Nozzle boattail drag is significant for the High Speed Civil Transport (HSCT) and can be as
high as 25% of the overall propulsion system thrust at transonic conditions. Thus, nozzle boattail
drag has the potential to create a thrust-drag pinch and can reduce HSCT aircraft aerodynamic
efficiencies at transonic operating conditions. In order to accurately predict HSCT performance, it
is imperative that nozzle boattail drag be accurately predicted.

Previous methods to predict HSCT nozzle boattail drag were suspect in the transonic
regime. In addition, previous prediction methods were unable to account for complex nozzle
geometry and were not flexible enough for engine cycle trade studies. A computational fiuid
dynamics (CFD) effort was conducted by NASA and McDonnell Douglas to evaluate the
magnitude and characteristics of HSCT nozzle boattail drag at transonic conditions. A team of
engineers used various CFD codes and provided consistent, accurate boattail drag coefficient
predictions for a family of HSCT nozzle configurations. The CFD results were incorporated into
a nozzle drag database that encompassed the entire HSCT flight regime and provided the basis
for an accurate and flexible prediction methodology.

INTRODUCTION

Nozzle boattail drag is caused by the generation of shock wave systems and regions of
boundary layer flow separation on the nozzle external boattail surfaces. The shock wave
systems and flow separation are due to the effects of the local flow field over the nacelle
afterbody geometric curvature, and these effects yield a peak in nozzie boatiail drag coefficient
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at transonic conditions. For the High Speed Civil Transport (HSCT), nozzle boattall drag is
significant in the transonic flight regime, and can be as high as 25% of the overall propuision
system thrust. Thus, nozzle boaftail drag has the potential to create a thrust-drag pinch and can
reduce HSCT aircraft aerodynamic efficiencies at transonic operating conditions {Mach 0.85 to
Mach 1.1). HSCT vehicle sizing and mission performance can be significantly impacted by
transonic nozzle boattail drag predictions. In order to accurately predict HSCT performance, it
is imperative that nozzle boattail drag be accurately predicted.

Background

Prior to March 1995, HSCT nozzle boattail drag was predicted using an equivalent
axisymmetric area method. This method was formulated by NASA and industry and assumed
that nozzle geometry could be approximated with simple area ratio and length data. For
axisymmetric nozzles, the method was based on an empirical axisymmetric nozzile database,
(Silhan & Cubbage data, ref. 1). Plots of nozzle boattail drag as a function of Mach number were
made from these test data for constant area ratio with boattail flap angle as the independent
variable. Figure 1 shows an example of one of these plots at constant nozzle area ratio of 0.5.
Similar plots exist for area ratios of 0.1, 0.25, 0.75 and 1.0. Nozzle tength ratio was defined as
nozzle exit height (he) divided by maximum nozzle external area height (h1), or he/hig. Nozzie
area ratio was defined as nozzle exit area (Ag) divided by maximum nozzle external area (Aq),
or Ag/Ao. Boattail flap angle (B) was caiculated using Ag, Ao and the divergent flap external
length between Ag and Aqo. Nozzle boattail drag was then determined using the five empirical
tables and the following inputs; (Mach number, Ag/As and B).

For non-axisymmetric (e.g. 2D) nozzles, the tables were updated, but the method of
calculating boattail angle remained the same. In effect, the non-axisymmetric nozzle boattail
angle was calculated assuming equivalent axisymmetric areas. The tables of empirical
axisymmetric data were updated to represent non-axisymmetric nozzles using drag deltas
between axisymmetric and non-axisymmetric nozzle types obtained from a parametric linear
theory analysis. This approximation was adequate for the preliminary design phase of the HSCT
project, but proved to be inadequate for detailed nozzle design studies.

Much of the HSCT propulsion system activity focused on non-axisymmetric nozzles.
Detailed design studies of non-axisymmetric nozzles exposed various deficiencies with the
previous boattail drag method. The original axisymmetric database yielded little transonic drag
information, and the curves were approximated from Mach 0.9 to 1.1. Typically, boattail drag
coefficient peaks in this Mach regime at all altitudes, thus, it was possible that the peak boattail
drag coefficients and transonic drag rise characteristics were not being approximated correctly.
This deficiency translated from the axisymmetric drag table to the non-axisymmetric drag table
approximations as well. In fact, Figure 2 shows a comparison of the previous non-axisymmetric
method with experimental boattail drag data for a non-axisymmetric nozzle (ref. 2). This
comparison shows that the previous method significantly underpredicted the transonic boattail
drag coefficient for this specific nozzle configuration. Comparisons of the previous method with
various non-axisymmetric nozzle drag coefficient experimental data were made, and the resulis
were consistent with the trends shown in Figure 2.

The previous boattail drag method used a simple method to approximate nozzie geometry
that ignored nozzle boattail sidewalls, radius of curvature (RC/RCM), 3-D effects and other
detailed design characteristics. In effect, the method was too simple to differentiate between a
family of detailed nozzle designs. For example, Figure 3 shows a comparison between the
previous non-axisymmetric method with experimental boattail drag data for a non-axisymmetric
nozzle (ref. 3). This comparison shows that the previous non-axisymmetric method cannot
accurately approximate nozzle boattail drag trends due to detailed design geometry changes,
such as changes in nozzie radius of curvature ratio (RC/RCM). Nozzle radius of curvature ratio
is essentially a measure of the smoothness of the area distribution of the nozzle. A
RC/RCM=0.0 indicates a nozzle with a sharp angle at the boattail flap hinge line. A
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RC/RCM=1.0 indicates a nozzle with no discontinous wall surface slope changes from the nozzle
maximum area to the nozzle exit. Because of its inability to characterize detailed nozzie
geometry changes, the previous method was not flexible enough to conduct engine cycle and
nozzle trade studies that are required o differentiate between detailed nozzle designs and
perform component downselect activities.

in summary, the previous nozzle boattail drag prediction methodology for non-axisymmetric
nozzles was not accurate in the transonic flight regime, and was not flexible enough to capture
the effects on boattail drag due to detailed three-dimensional geometry changes. A new method
was required o accurately predict boattail drag in a timely fashion throughout the flight regime.

Approach

Based on previous experience, transonic nozzle drag data would be difficult to obtain. The
approach taken to achieve the above goal was to employ advanced Navier-Stokes
computational fluid dynamics (CFD) methods to obtain accurate and reliable transonic nozzie
drag coefficient data. In addition, a concurrent activity was initiated to implement an Integral
Mean Slope (IMS) method using an updated nozzle boattail drag coefficient database to predict
boattail drag. The IMS method is widely used and offers a detailed representation of nozzle
geometry in a timely fashion (ref. 4). The nozzle boattail drag database was 10 be updated for
the entire flight regime using all known wind tunnel and flight test data for HSCT type nozzles.
The results of the nozzle drag database update are discussed in ref. 5. The transonic CFD
boattail drag coefficient predictions were to be used to update and substantiate the IMS transonic
nozzle boattail drag coefficient database. The following paragraphs discuss the approach and
results of the CFD effort to update and substantiate the transonic nozzle drag database for the
HSCT project.

METHOD OF ANALYSIS

The goal of the CFD study was to generate transonic boattail drag data for HSCT specific
non-axisymmetric nozzles operating in the Mach 0.85 to 1.2 range. A family of nozzles was o
be studied, and the absolute boattail drag coefficients, as well as the delta drag coefficients
between specific nozzles, were to be recorded and used to validate and update the IMS
database.

Four teams of analysts were involved in the CFD study; NASA Lewis Research Center -
LeRC (Propulsion Systems Division, Aerospace Analysis Office), NASA Langley Research
Center - LaRC (Component Integration Branch), McDonnell Douglas Aerospace - Advanced
Transport Aircraft Development (ATAD) and New Aircraft and Missile Products (NAMP). Each
team participated in the study with unique flow solvers as described below. In addition, all work
was funded internally by each of the participating teams, respectively.

Flow Solvers

The NASA LeRC CFD flow solver was NPARC, which is a general purpose Navier-Stokes
CFD solver used extensively for propulsion system flow simulations. The code is supported by
the NPARC Alliance, which is made up of NASA LeRC and the U.S. Air Force Arnold
Engineering Development Center, and is discussed in detail in ref. 6. NPARC solved Reynolds
averaged Navier-Stokes equations in conservation law form using the Beam-Warming
approximate factorization scheme. Several options were available for modeling turbulence
ranging from algebraic to two-equation transport models. For this study, a one-equation Baldwin-
Barth turbulence model was used based upon the results from the validation study, which will be
discussed in detail later. NPARC was very flexible in handling computational grids. The user
was allowed to specify a boundary condition on any portion of a grid surface. In addition, the
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code allowed for complex geometry to be handled using one grid block or multiple grid blocks.
However, overlap between blocks was required for interpolation of the flow quantities.

The NASA LaRC CFD flow solver was PAB3D, which is a general Navier-Stokes CFD solver
developed at LaRC (ref. 7). The code architecture aliowed for multiple flow solvers and
boundary conditions selected by the user. The code was modular and had a multi-block
structure with directionally selected grid sequencing. In addition, the code had compact memory
requirements and is compatible with most workstations. The fiow solver used mixed Roe and
Van Leer schemes for solution accuracy and fast convergence. For this study, a two equation, k-
¢ turbulence mode! was used based on the results of the validation study. This model had also
been validated for atiached, shear and separated flow applications. This code operated very
quickly, and only requires 38 microseconds (Cray-Ymp) per iteration per grid point. The grid
sensitivity was automatically verified by grid sequencing.

The McDonnell Douglas Aerospace flow solver was NASTD, which is a general Navier-
Stokes CFD flow solver developed at McDonnell Douglas (ref. 8). This code is the main CFD
numerical simulation platform used at McDonnell Douglas. NASTD worked on structured
{patched and overlapping) and unstructured grids, and could compute the fiow field over
extremely complex aerospace vehicle configurations. The code employed multiple numerical
algorithms, including upwind and central difference methods. NASTD allowed use of mutiiple
turbulence models, but a one-equation, Spalart-Alimaras turbulence model was used for this
study based on the results of the validation study. The one-equation Spalart-Alimaras turbulence
mode! was similar to the one-equation Baldwin-Barth turbulence model used with NPARC for this
study. The code operated on most computer platiorms, and had low memory requirements. In
addition, NASTD implemented Parallel Virtual Machine (PVM) to provide distributed workstation
parallel processing.

Code Validation Approach

Three unique flow solvers were used in this study, and the first step in the approach was to
validate these unique flow solvers for a representative configuration. Prior to this study, PAB3D
and NASTD were validated for axisymmetric and non-axisymmetric nozzles in the transonic
Mach number regime. This work was done for the Advisory Group for Aerospace Research and
Development (AGARD) Working Group #17 (ref. 8). Computations of pressure coefficient for
axisymmetric nozzles with and without flow separation, and non-axisymmetric nozzles with flow
separation were validated with experimental data. The results can be found inrefs. 7,9, 10 and
11 for PAB3D and ref. 9 for NASTD. NPARC had not yet been validated using the AGARD
Working Group #17 data. Therefore, NASA LeRC was required to validate NPARC prior to
participating in this CFD study. The AGARD data was acquired from MDA, and NPARC was
executed for the various configurations. NPARC results compared favorably with the AGARD
data (ref. 12) and, thus, NPARC was validated and approved for use in this study. Details of the
comparisons of NPARC, PAB3D and NASTD to the non-axisymmetric AGARD nozzle data will
be summarized later.

After all of the codes were successfully validated, the team effort focused on HSCT specific
configurations. In order to ensure accuracy of results between codes, a baseline case was
selected from the matrix of nozzles to be studied. This baseline case, which is described below,
was evaluated by all four teams for Mach 0.95, 1.1 and 1.2 conditions. It was required that
results from the four teams for the baseline nozzle agreed within a small error band (at a given
Mach number) prior to commencing the entire CFD study. Comparison of team results forthe
baseline case will be discussed later.

Configuration Definition

Figure 4 shows a typical isolated HSCT nacelle configuration used in the CFD study. The
general configuration characteristics are given here. The inlet was modeled as a generic,
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axisymmetric inlet with a mass flow ratio of 1.0 (no spillage). Also, the upstream inviscid
streamtube was modeled. The nozzle geometry was based on the HSCT non-axisymmetric
nozzle design (Downstream Mixer (DSM) mixer/ejector nozzle). The nozzle geometry was
scaled o the full scale mixed flow turbofan (MFTF) size, which is described below. The nozzle
sidewalls were modeled, and the comners of the nozzle were rounded with 8 inch radii to match
the DSM design. The nozzle was designed with a sharp transition at the external flap hinge line,
thus representing a radius of curvature ratio (RC/RCM] of zero. Internally, the nozzle plenum
chamber, throat, diffuser and exit were modeled, and the nozzle internal flow was modeled with
hot gas. The internal nozzle angle was fixed at 1.5 degrees to maintain a constant exit flow
divergence angle.

A family of nozzies was studied at three freestream Mach numbers; M=0.85, 1.1 and 1.2.
Various nozzle boattail angle and nozzle height ratio values were modeled fo represent a wide
array of nozzle configurations. Boattail angles of 12, 16 and 20 degrees were chosen io
encompass the range of boattail angles expected at transonic conditions. Also, nozzle height
ratios of 0.2 and 0.5 were chosen to encompass the range of height ratios expected at transonic
conditions. These height ratios correspond to nozzle area ratios of 0.187 and 0.467,
respectively. The matrix of nozzle configurations studied is described below.

At the time of this study, the 3765-100 MFTF was the leading engine cycle candidate. This
cycle was a mixed flow turbofan, designed by Prait & Whitney and General Electric, and had a
fan pressure ratio of 3.7, and required 800 Ib/s of corrected airfiow at sea level static conditions.
For this cycle, the cycle required airflow at cruise was 65% of the required takeoff airflow. The
airflow lapse rate was simply the percentage of cycle fiow at cruise versus takeoff conditions.
This cycle had a bypass ratio of 0.622, and had demonstrated feasible HSCT aircraft
performance. Area and pressure data were obtained from the engine company datapack to
define the nozzle plenum conditions, (e.g. throat area, pressure, temperature, etc.). Therefore,
the hot gas flow should closely approximate the actual 3765 MFTF cycle installed with a DSM
type nozzie.

The inlet, engine cycle and nozzle components were integrated, and a nacelle shape was
chosen. The nacelle shape was axisymmetric at the inlet cow! lip, and continuously transitioned
from axisymmetric to non-axisymmetric ending at a non-axisymmetric (2D) shape at the external
flap hinge line. From the hinge line aft to the nozzle exit, the nozzle was non-axisymmetric (2D).
The nacelle was modeled full scale and was based on the 3765-100 airflow requirements. This
study only examined the isolated nacelle, and did not explore the effects of integrating the
nacelle with a wing. Therefore, wing effects were not modeled. One-quarter of the nacelle was
actually modeled with the CFD grid, and horizontal and vertical streamwise symmetry were
assumed. This saved considerable computational resources with no loss in accuracy of results.

The configuration run matrix is shown in Figure 5. The N1605 configuration was the baseline
configuration that was studied by all four teams. The 16 in the configuration designation
represented the boattail angle in degrees, and the 05 represents a height ratio of 0.5. Each team
was responsible for the N1605 configuration and one other configuration. Because each
configuration was to be run at three Mach numbers (0.95, 1.1, and 1.2), this represented a total
of 6 CFD runs per team member. NASA LaRC was also responsible for the NOO10
configuration, which contributed three additional CFD runs and were critical for the purposes of
this study. The NOO10 configuration represented a nozzle with zero boattail angle, and a height
ratio of 1.0. In this study, only the pressure drag due to the nozzle boattail surfaces were of
interest. Thus, the pressure drag of the NG010 nacelle was subtracted from the pressure drag of
all the other CFD runs (at the respective Mach number) to obtain the nozzle boattail pressure
drag at any given condition.

Figure 6 shows a typical nacelle grid for a full nacelle and a side view of a representative

quarter nacelle complete with the internal and external nozzle characteristics. All grid topologies
and initial grids were defined by MDA for this study. NASA LaRC optimized the final surface and
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volume grids for use by all teams. The grids were 3D, structured, patched, viscous, multi-block
grids. The external and internal surfaces were modeled as viscous surfaces, and a viscous grid
was generated to model free shear layers in the nozzie exhaust. The nozzie sidewall trailing
edge was modeled with zero thickness, and the sidewalls ended at the trailing edge of the
external flaps. All zones were point-matched except for upstream and far-field zones. The
nozzle plenum chamber configuration was based on the AGARD non-axisymmetric nozzle
configuration. A total of approximately 1.5 million grid points were used for each individual
configuration. A non-dimensional viscous height of y* = 2 was employed to define the first grid
cell spacing off the viscous surfaces.

The CFD flow type definition ground rules for each configuration are shown in Figure 7. An
Euler region was defined just prior to the nacelie configuration to simulate the captured
streamtube, and a small laminar region was defined at the nacelle leading edge to simulate
transition. The problems were set up in this fashion to allow the flow solvers to begin the solution
free of discontinuities. The remaining nacelle was modeled as a turbulent region.

The CFD convergence criteria were as follows. The boattail pressure drag force level
required convergence within 0.1% of the total drag force. In addition, the internal nozzle exit
massflow rate level required convergence within 0.256% of the intake massflow rate, (e.g.
conservation of mass). Finally, the L2 residuals required reduction in the boattail flap region by
three orders of magnitude. All three criteria were required to be metas a condition fora
converged solution.

Nozzle boattail drag was computed using the predicted pressure distributions on the boattail
surfaces. Integration of the pressure distributions over the respective nozzle boattail surfaces
yielded the nozzle boattail drag results. The surfaces used in the integration included the nozzle
flaps and nozzle sidewalls. Skin friction drag was not computed. Because the nozzle boattail
drag for each of the configurations was influenced by the presence of the nacelle forward of the
nacelle maximum area, the reference nacelle drag (configuration NO0O10) was subtracted from
the actual boattail drag for each configuration. The reference nacelle had zero boattail angle.
The results from these computations are discussed in detail later.

DISCUSSION OF RESULTS

Consistency and accuracy were the paramount concerm for the success of this CFD effort.
Consistency of configurations, grid topographies, and other factors was required to ensure
consistency of results. A significant amount of effort was expended to ensure that the same
grids were used by all team members, and that the methods used by each team were
comparable.

Although the methods and groundrules for all the teams were the same, each code was still
required to prove it could generate accurate results for isolated, non-axisymmetric nozzle,
external surface, viscous fiuid flow problems. The first step in this code validation process
involved comparing our results with the AGARD Working Group #17 results.

AGARD Validation

The AGARD Working Group #17 used various axisymmetric and non-axisymmetric nozzle
configuration surface pressure distribution test resulis to validate CFD codes. Ali of the CFD
codes used in this study were validated using the AGARD resuits.

Figure 8 shows two of the AGARD nozzles used in this validation effort (ref. 8). The non-
axisymmetric nozzle was referred to as B.4, and the axisymmetric nozzle was referred to as B.1.
Three validation cases were executed at Mach 0.94 including; (a) axisymmetric nozzle (B.1),
attached flow, (b) axisymmetric nozzle (B.1), separated flow, and (¢) non-axisymmetric nozzle
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(B.4), separated flow. In general, the axisymmetric nozzle cases required significantly less
computational resources than the non-axisymmetric case, and yielded consistent results for all of
the CFD codes. While the axisymmetric cases were required for validation, the focus of this
effort was placed upon the non-axisymmetric case, because this case closely resembled the
non-axisymmetric DSM nozzle.

Figure 9 shows a comparison between nozzle B.4 centerline pressure coefficient test resulis
and CFD predictions (ref. 8). Three plots are shown that graphically compare each of the three
CFD codes involved in this study. The plots are set up to compare pressure coefficient as a
funciion of non-dimensional distance (x/L) along the centerline, and the experimental resuls are
identical for all three piots. From the NASTD piot, the conclusion can be drawn that NASTD
accurately predicted the absolute values of experimental data as well as the trends with non-
dimensional centerline distance. The NPARC plot using the Baldwin-Barth turbulence model
also showed excellent agreement with the experimental data and closely resembled the NASTD
prediction. In addition, the PAB3D plot exhibited excellent agreement with the experimental
data. Note that PAB3D slightly overpredicted pressure coefficient near the trailing edge of the
nozzle, and this could lead to a slight underprediction of drag coefficient for this specific case
using a two equation, linear, k-e turbulence model.

The results of Figure 9, coupled with the excellent agreement between CFD and
experimental results for the axisymmetric cases (refs. 8, 10, 11 and 12), indicated that NASTD,
NPARC and PAB3D were clearly capable of accurately predicting pressure coefficient
distributions for HSCT type nozzies in the transonic flight regime. Thus, the CFD codes were
validated with experimental pressure coefficient data. The next step was to ensure that the
codes compared favorably with each other using the DSM nozzle.

HSCT DSM Nozzle Boattail Resulis

Prior to commencing the entire CFD study for all of the configurations shown in Figure 5, a
baseline case was chosen to validate drag coefficient results between codes for an HSCT
specific nozzle. The 16 degree boattail case with an 0.5 height ratio (1 605) was chosen as the
baseline case, primarily because this case effectively represented the median of the
configuration matrix with respect to boattail flap angle. This case was studied by all four teams,
and the results are presented below.

Figure 10 shows the Mach number contours along the centerline of the top flap of the 1605
nozzie at Mach 0.95. The flow was uniform prior o the nozzle hinge line. For this case, the
external flow expanded around the nozzle boattail flap hinge line and recompressed through a
normal shock wave just downstream of the expansion wave. Significant separation from the
afterbody surface occurred behind the normal shock wave, and the flow did not reattach on the
surface. Figure 11 shows the pressure contours and distribution as a function of non-
dimensional flap length on the top nozzle flap surface for this configuration. Three different
sections of the flap are presented on the pressure coefficient plot, with y/w=0.05 representing the
flap centerline. Examining the centerline curve shows that the pressure coefficient reflected the
effect of the expansion wave at approximately x/L=0.04, and the significant separation above
x/L=0.16. Pressure coefficient distributions for all CFD codes exhibited the same trends for the
1605 nozzle at Mach 0.95, with slight variations in shock/expansion wave location.

Figure 12 shows the final drag coefficient results for the 1605 configuration at Mach 0.95.
McDonnell Douglas results are represented by MDA-NAMP and MDA-ATAD. NASA Lewis and
Langley results are represented by LeRC and LaRC, respectively. The Mach 0.95 case for all
configurations was the most difficult Mach number regime to solve because of the high degree of
separation. Consequently, the Mach 0.85 case for the 1605 configuration yielded the largest
discrepancies between team member results of all the test cases. While there appeared fo be
significant disagreement between the results, most of the differences were due to technical
factors and can be explained. First, note that the MDA-NAMP and LeRC results were within
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10%. This was good agreement considering the highly unstable nature of this separated flow
problem. The problem was complicated by the fact that the problem was subsonic, sonic and
supersonic along a streamling, and the fact that the codes had to resolve exactly the location of
the supersonic transition. Also, the agreement between MDA-NAMP and LeRC results was
consistent with the AGARD validation resuits, which showed nearly identical pressure coefficient
distributions for the non-axisymmetric nozzle at the Mach 0.94 condition. For this Mach 0.85
case, the boattail drag coefficient was approximated as the average of the MDA-NAMP and
LeRC resulls.

The MDA-ATAD resuits for the 1605 configuration at Mach 0.95 should have been very close
to the MDA-NAMP resulis due to the fact that NASTD was the flow solver for both cases.
However, MDA-ATAD computations at Mach 0.95 yielded significantly lower pressure drag
results than MDA-NAMP results. The MDA-ATAD solution of the 1605 configuration at Mach
0.95 encountered numerical convergence challenges that were atiributable to the grid packing
density in the vicinity of the nozzle boattail hinge line coupled with significant flow separation
over the entire boattail surface. In addition, this was the first use of NASTD to solve transonic
nozzle configurations with fully separated flow fields on a parallel network of distributed
workstations. As a result, the MDA-ATAD engineers were operating as less experienced
counterparts to the MDA-NAMP engineers concerning the operation of NASTD, and this
contributed to the differences in results. (Reference 13 describes some of the impact on CFD
results as a function of experience level.) These chalienges persisted throughout the project for
the MDA-ATAD Mach 0.95 solutions. The consensus of the team was that the MDA-ATAD
solutions significantly underpredicted nozzie boattail drag at Mach 0.95, and should not be used.

The LaRC resuits for the 1605 configuration at Mach 0.95 were approximately 30% lower
than the MDA-NAMP and LeRC results. This was consistent with the results from the AGARD
validation study for the B.4 nozzle at Mach 0.94. It was noted above that PAB3D slightly
overpredicted the B.4 nozzle pressure coefficient at the trailing edge of the nozzle, and that this
could lead to an underprediction of nozzle boattail drag. In fact, this appeared to happen at
Mach 0.95 for this configuration, and therefore the PAB3D value for the 1605 configuration at
Mach 0.85 was approximately 30% low.

Figure 13 shows the Mach number contours along the centerline of the top flap of the 1605
nozzle at Mach 1.1. The flow was uniform prior to the nozzle hinge line. For this case, the
external flow expanded around the nozzle boattail flap hinge line and recompressed through a
normal shock wave located at approximately the halfway point of the nozzle flap length.
Separation from the afterbody surface occurred behind the normal shock wave, and the flow did
not reattach on the surface. The flow separation was not as severe as the Mach 0.95 case was,
and the solution for the Mach 1.1 case was not as challenging as the previous Mach 0.85
solution. Figure 14 shows the pressure contours and distribution as a function of non-
dimensional fiap length on the top nozzle flap surface for this configuration. Examining the
centerline (y/w=0.05) curve on the pressure coefficient plot shows that the pressure coefficient
reflects the effect of the expansion wave at approximately x/L.=0.04, and the separation above
%/L=0.4. Note that the pressure recovery was not as significant for this configuration, compared
to the Mach 0.95 case, which indicated that the Mach 1.1 case was a significantly iess separated
case that the Mach 0.95 case. Pressure coefficient distributions for all CFD codes exhibited the
same trends for the 1605 nozzle at Mach 1.1, with slight variations in shock/expansion wave
location.

Figure 15 shows the final drag coefficient results for the 1605 configuration at Mach 1.1.
Because the separation for this case was less severe than the Mach 0.85 case, the CFD codes
were better able to predict the flow characteristics, and the resuls were consistent. For example,
the MDA-NAMP and NASA results agreed within 5%. Even more striking, the LeRC and LaRC
results agreed within 0.5%. The MDA-ATAD results were approximately 10% lower than the
MDA-NAMP results even though the grid was identical for both applications. The team chose to
use the MDA-NAMP results due to the higher user experience level. For the Mach 1.1 case, the

NASA/TM—2005-213384 8



boattail drag coefficient could accurately be predicted as the average of the MDA-NAMP, LeRC
and LaRC resuits.

Figure 16 shows the Mach number contours along the centerline of the top flap of the 1605
nozzle at Mach 1.2. The flow was uniform prior to the nozzle hinge line. For this case, the
external flow expanded around the nozzle boattail flap hinge line and recompressed through a
normal shock wave located approximately three-quarters of the way down the nozzle flap length.
Separation from the afterbody surface occurred behind the normal shock wave, and the flow did
not reattach on the surface. The flow separation was less severe than the Mach 1.1 case, and
therefore, the Mach 1.2 case was the most straightiorward solution of the three Mach numbers
studied. Figure 17 shows the pressure contours and distribution as a function of non-dimensional
flap length on the top nozzle flap surface for this configuration. Examining the cenierline
(v/w=0.05) curve on the pressure coefficient plot shows that the pressure coefficient reflects the
effect of the expansion wave at approximately x/L.=0.04, and the separation above x/L=0.75.
Note that the pressure recovery was not as significant for this configuration, compared even to
the Mach 1.1 case, which indicated that the Mach 1.2 case had significantly less separation than
the Mach 1.1 case. Pressure coefficient distributions for all CFD codes exhibited the same
trends for the 1605 nozzle at Mach 1.2, with slight variations in shock/expansion wave location.

Figure 18 shows the final drag coefficient results for the 1605 configuration at Mach 1.2.
Because the separation for this case was less severe than the other cases, the CFD codes were
able to predict consistent results. For example, MDA-NAMP and NASA resuits agreed within
8%. Once again, the LeRC and LaRC results were essentially identical. Again, the MDA-ATAD
results were approximately 8% lower than the MDA-NAMP resuits even though the grid was
identical for both applications. The team chose to use the MDA-NAMP resulis due to the higher
user experience level. For the Mach 1.2 case, the boattail drag coefficient could accurately be
predicted as the average of the MDA-NAMP, LeRC and LaRC resuits.

Previously, the CFD codes were validated using experimental data. With the 1605
validation cases completed, the CFD codes were successfully validated with each other and
proved that they could generate consistent results. However, future Mach 0.95 configuration
solutions should be closely studied, and validation using similar geometries would be useful to
understand the solutions. i the separation effects cause inconsistencies in the solutions, the
solution should be used as an estimate not as the absolute answer. However, the Mach 1.1. and
1.2 solutions were clearly consistent. The other configurations could confidently be executed,
and the absolute solutions could be used to help construct the IMS database.

immediately after completion of the 1605 CFD code validation/comparison, each team
developed solutions for the remaining configurations. The final results are shown in Figures 19
and 20. Figure 19 shows nozzle boattail drag coefficient as a function of Mach number forthe
0.2 area ratio solutions. LaRC was responsible for the 2002 solutions (top line) while LeRC was
responsible for the 1202 solutions (bottom line). The 2002 solution at Mach 0.95 was probably
underpredicted based on the AGARD validation study results described earlier, and should be
considered as an estimate for this specific case. The 1202 solution at Mach 1.2 was suspicious
because nozzle boattail drag coefficient should be lower at Mach 1.2 than at Mach 1.1. This
same anomaly was evident for both 12 degree boattail angle configurations. Figure 20 shows
the solutions for the 0.5 area ratio solutions. MDA-NAMP was responsible for the 2005 solutions
(top line), while MDA-ATAD was responsible for the 1205 solutions (bottom line). Again, the
1205 solutions appeared to be uniformly underpredicted by the amounts discussed in the
validation study above, and should be used as estimates. The 1605 solutions (middie line)
represented the average of the MDA-NAMP and LeRC solutions for Mach 0.95, and the average
of the MDA-NAMP, LeRC and LaRC solutions for Mach 1.1 and 1.2. The solutions are tabulated
in Table 1.
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Comparison to IMS Database and Previous Method

As described earlier, the CFD results were to be used to substantiate and enhance the
concurrent IMS database update activity. The following paragraphs describe the comparison
between CFD, IMS database update and previous method results.

Before comparisons between CFD and IMS data are made, a brief comparison of iMS to
experimental data will be discussed. Figure 3 showed a comparison between the previous
boattail drag method and experimental data for a non-axisymmetric nozzle with a boattail flap
angle of 16 degrees and an area ratio of 0.25. Figure 21 shows the same plot, but the new IMS
database predictions have been added to the figure. The IMS database values showed excelient
agreement with the non-axisymmetric experimental data for the entire range of radius of
curvature ratio values. Figure 22 shows a comparison of IMS predictions for an axisymmetric
nozzle with a 15 degree boattail flap angle and an area ratio of 0.45 (ref. 14). The iMS
predictions agreed without bias with the experimental data for two different radius of curvaiure
ratios (0.0 and 0.5). Finally, Figure 23 shows a comparison of IMS predictions for a non-
axisymmetric nozzle with a radius of curvature ratio of 0.12 and an area ratio of 0.2 (ref. 15).
Again, the IMS predictions agreed without bias with the experimental data for two different
boattail flap angles (10 and 20 degrees). Based on these comparisons and additional supporting
information (ref. 5), it was clear that the IMS prediction method with the recently updated
database accurately predicted axisymmetric and non-axisymmeiric nozzle boattail drag
coefficient for complex geometry nozzles. Comparison with CFD resuits on HSCT specific
nozzles shown below fully substantiated this new methodology for the HSCT project.

Figure 24 shows a comparison of the IMS, CFD and previous method predictions at Mach
0.95. Each of the six geometry configurations are shown individually on the bar graph. In
general, the IMS and CFD predictions were comparable, and there was no apparent bias or trend
with boattail angle or area ratio. Due to the fact that the Mach 0.95 case was highly separated
and difficult to obtain CFD solutions for, the CFD results in Figure 23 should only be used to
substantiate the IMS predictions. The previous method consistently underpredicted the IMS
estimates by as much as 50%. No further conclusions can be drawn from this case.

Figure 25 shows the same comparison at Mach 1.1. In general, the IMS and CFD
predictions agreed, but there was an apparent effect due to boattail angle. Ata 12 degree
boattail angle, the IMS prediction was slightly higher than the CFD prediction for the height ratio
of 0.2. At a 16 degree boattail angle, the predictions also agreed very closely. Ata 20 degree
boattail angle, the CFD predictions were higher than the IMS predictions for both area ratios
studied. It is likely that this trend was caused by sidewall effects, and is discussed below. The
previous method consistently underpredicted the IMS estimates for boattail angles less than 20
degrees. For the 20 degree boattail angle cases, the previous method and the IMS predictions
showed excellent agreement, but both represented estimates for nozzles without sidewalis.

The IMS and previous method predictions were based on non-axisymmetric nozzies without
sidewalls. The CFD predictions used the DSM nozzle, which did have sidewalls. Based on the
results of the CFD studies, the sidewalls on a non-axisymmetric nozzle may have caused a
decrease in the pressure relief from the top of the nozzle flap to the ambient flow due to end-
plating and vortex trapping effects, and thus may have caused an increase in drag coefficient.
An example of this flow phenomena is shown in Figure 26, which depicts an aft facing forward
view of the DSM nozzle. Higher pressure ambient flow is shown rising over the top of the
sidewall and pressurizing the top of the nozzie boattail flap. if the sidewall were removed, the
pressurizing of the flap may have increased, and the boattail drag coefficient may be reduced.
One possible explanation of the trend shown in Figure 25 was that as boattail angle increased,
the effect of the sidewall on the boattail flap increased. At 12 degrees, the sidewall did not
appear to significantly impact the pressurization of the nozzle boattail flap. However, at 16 and
20 degrees boattail angle, the effect of the sidewall may have significantly impacted the
prediction of nozzle boattail drag coefficient. A follow-on study is planned to update the IMS
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database for sidewall effects. Also, a follow-on concurrent CFD study will evaluate the delta
nozzle boattail drag coefficient due to removing the sidewalls using various configurations
evaluated in this study.

Figure 27 shows the same comparison at Mach 1.2. In general, the IMS and CFD
predictions agreed. Again, there was an apparent effect due to boattail angle, and the
conclusion was consistent with the Mach 1.1 case. The sidewalls appeared to affect the 16 and
20 degree boattail angle CFD predictions. In addition, the previous method underpredicted IMS
estimates for boattail angles less than 20 degrees, which was consistent with the Mach 1.1
results. Like the Mach 1.1 results, the previous method and IMS estimates agreed closely for the
20 degree boattail angle cases.

Figure 28 shows a comparison of CFD, IMS and previous method nozzle drag coefficient
predictions normalized with total HSCT airplane drag coefficient for the 1202 configuration. All
drag coefficients were referenced to the airplane wing area for this comparison, and the total
airplane drag coefficient included the nozzle boattail drag element. For the 1202 configuration,
the CFD and IMS predictions were of the same magnitude, and this substantiated that the
previous method significantly underpredicted nozzle boattail drag coefficient. The previous
method had predicted that nozzle boattail drag accounted for approximately 15% of the total
airplane drag above Mach 1.0, while the CFD and IMS predictions showed that nozzle boattail
drag accounted for 20-25% of the total airplane drag above Mach 1.0. Because the HSCT
nozzle would likely operate at transonic boattail angles of approximately 12 degrees, the more
accurate CFD and IMS predictions would significantly affect the aircraft transonic performance,
and thus would impact the airplane sizing and mission performance.

Figure 29 shows the same comparison for the 1605 configuration. The CFD predictions
were consistently larger than the IMS predictions for this case primarily because of the sidewall
effects discussed earlier. However, the previous method underpredicted nozzle boattail drag for
this configuration, and the replacement of the previous method with the IMS prediction
methodology yielded a method that was more applicabie to the HSCT nozzle trade studies
because of the updated nozzle drag coefficient database and additional nozzle geometrical
fiexibility. On average, the IMS method predicted 15-20% higher boattail drag for this
configuration than the previous method.

Figures 24-29 showed that the IMS and CFD predictions were in the same “ballpark” for the
transonic Mach numbers tested, and thus, the IMS database was corroborated for use on the
HSCT project. In addition, the previous method significantly underpredicted the nozzle boattail
drag for boattail angles less than 20 degrees. The Mach 1.1 and 1.2 CFD predictions have been
included in the transonic portion of the IMS database. Additional effort will be expended to
update the IMS database for sidewall effects to better represent HSCT specific nozzles.

Lessons Learned

While the CFD study activity went smoothly and provided timely resuits, it was not without
challenges and lessons leamed. In fact, several challenges were overcome during the course of
the study that can be avoided in future CFD activities.

The most significant lesson leamned was that multiple CFD flow solvers could be used to
compute results for a matrix of configurations. In this case, multiple flow solvers were used by
multiple team members located throughout the country. The key to a successful program using
this team approach involved setting up a stringent validation process. Prior to solving HSCT
specific configurations, each flow solver was required to solve an established configuration
(AGARD) with proven experimental data. Upon completion of this exercise, each team member
was required to analyze the baseline configuration. The program did not begin in earnest until all
team members agreed on the results from analyzing the baseline configuration. This strategy
worked well for this team, and proved that multiple CFD flow solvers can be used. The major
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benefit of this strategy was that it distributed the computational resource requirements
throughout the team, and reduced the overall time required for the entire program.

In order to minimize differences in the results between flow solvers, the inputs must be kept
as standardized as possible. In general, that meant using the same grids and the same type of
turbuience model. The CFD grids should all be generated by the same organization, and shouid
be thoroughly checked out using one of the flow solvers prior fo distribution to the rest of the
team. Small changes could be made to the grids by each team member to better suit their
respective flow solver, but these changes should be kept to a minimum to reduce the possibility
of grid dependent differences in the solutions. Also, similar turbulence models should be used to
ensure that result differences do not stem from the difference in turbulence models. This effect
could be significant for highly separated configurations.

Configurations with freestream Mach numbers close to 1.0, and large boattail angles posed
serious challenges and limitations. Current CFD codes and turbulence models had difficulty
solving equations when the flow was highly separated, and this affected shock position and
pressure recovery. Thus, solutions to these types of configurations tended to be grid dependent.

in general, converged solutions to the above configurations required approximately 1 month
of calendar time per case for the final results. The clock started when the initial grid was
received and stopped when the final converged solution was achieved.

Perhaps the most important elements for success were the intangible elements. This effort
was coordinated and managed effectively. Bi-weekly telecons and a goal-oriented schedule
resulted in a focused program, and provided timely results that could be used to directly upgrade
an element of HSCT propulsion system performance prediction methodology.

SUMMARY

Nozzle boattail drag is significant for the High Speed Civil Transport (HSCT) and can be as
high as 25% of the overall propulsion system thrust at transonic conditions. Thus, nozzle boattail
drag has the potential to create a thrust-drag pinch and can reduce HSCT aircraft aerodynamic
efficiencies at transonic operating conditions. In order to accurately predict HSCT performance, it
is imperative that nozzle boattail drag be accurately predicted.

A team of engineers used various CFD codes and provided consistent, accurate boatiail
drag coefficient predictions for a family of HSCT nozzle configurations. Three CFD flow solvers
were used, and were validated using Advisory Group for Aerospace Research and Development
(AGARD) data, and a baseline HSCT nozzle configuration. Each configuration studied
incorporated a 3765 mixed flow turbofan and an axisymmetric inlet. Twenty seven total CFD
cases were run, and each case was comprised of approximately 1.5 million data points.
Pressure drag on the boattail surfaces was computed, and nozzle boattail drag coefficient was
generated via a post-processed pressure integration. All CFD cases were successfully
completed in a timely fashion.

The CFD solutions were grid dependent for the Mach 0.95, large boattail angle cases.
These cases experienced significant separation, and resulted in a large variation in team resuits
for the baseline configuration. The CFD results at Mach 1.1 and 1.2 were well defined, and there
was excellent agreement between team results. NASA LeRC and LaRC results showed
excellent agreement for these cases. The CFD and Integral Mean Slope (IMS) method results at
Mach 0.95 generally agreed within 30%, but no clear bias was apparent in the compatrison.
Therefore, the Mach 0.95 CFD results were only used to substantiate the approximate magnitude
of the IMS predictions at Mach 0.95. The Mach 1.1 and 1.2 CFD results were generally within
20% of the IMS predictions, but showed a bias that could have been caused by the DSM nozzle
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sidewalls. The CFD predictions included nozzle sidewalls, while the IMS database did not
include sidewalls. Because of this difference, the CFD predicted slightly higher nozzle drag
coefficients for higher boattail angle cases (16 and 20 degrees), and this was consistent with the
expected sidewall flow effect. Future work with CFD will quantify the sidewall effect, and
incorporate this effect into the IMS database. For the Mach 1.1 and 1.2 cases, the CFD results
substantiated the magnitude of the IMS predictions, and were incorporated as part of the nozzle
drag coefficient database for use in future HSCT propulsion system performance calculations.

For this study, the CFD fiow solvers accurately predicted isolated nozzle boattail pressure
profiles and boattail drag coefficients. Consistent results were obtained using the three different
flow solvers. The results corroborated with the IMS database and provided a more applicable
method for accurate prediction of transonic HSCT nozzle boattail drag.
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Config Boattail
Angle (B}
(deg)

N1202 i2
N1202 12
N1202 12
N1205 12
N1205 12
N1205 12
N1605 18
N1805 16
N1605 16
N1605 16
N1605 16
N1605 16
N1605 18
N1605 16
N1605 16
N1605 16
N1605 16
N1605 16
N2002 20
N2002 20
N2002 20
N2005 20
N2005 20
N2005 20
Ao =6137 sq. in.

NASA/TM—2005-213384

ho/hyo

0.2
0.2
0.2
058
0.5

0.5

0.5
0.5

0.5

0.5
0.5
0.5
05
0.5
0.5
0.5
0.5
0.5
0.2
0.2
0.5
0.5

0.5

Mach No.

0.85
1.1
1.2
0.85
1.1

1.2

0.85

1.

1.2

0.85
1.1

1.2

Cd
boattail

0.1087
0.1827
0.1840
0.0501
0.0809

0.0985

0.0678
0.1847

0.1645

0.1426
0.1968
0.1802
0.0839
0.2084
0.1962
0.1284
0.2084
0.1960
0.1728
0.3759
0.3584
0.1707
0.2414

0.2209

Boattail
Drag (Ibs)

550.0
1238.8
1484.7
253.5
548.3

784.7

342.9
1252.7

1327.6

721.1
1335.5
1454.6
474.9
1419.9
1583.6
648.4
1413.5
1581.8
873.8
2548.9
2900.6
863.2
1637.2

1782.6

Team
Member

LeRC
LeRC
LeRC

MDA-
ATAD
MDA-
ATAD
MDA-
ATAD

MDA-
ATAD
MDA-
ATAD
MDA-
ATAD

MDA-
NAMP
MDA-
NAMP
MDA-
NAMP

LaRC
LaRC
LaRC

LeRC
LeRC
LeRC

LaRC
LaRC
LaRC

MDA-
NAMP
MDA-
NAMP
MDA-
NAMP

Table 1. - CFD Nozzie Boattail Drag Coefficient Solution Summary
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CFD
Code

NPARC
NPARC
NPARC
NASTD
NASTD

NASTD

NASTD
NASTD
NASTD

NASTD
NASTD
NASTD
PAB3D
PAB3D
PAB3D
NPARC
NPARC
NPARC
PAB3D
PAB3D
PAB3D
NASTD
NASTD

NASTD
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Figure 1. - LeRC/PW Nozzle Boattail Drag Coefficient Data for Rectangular Nozzles with Ag/Ap=0.5.
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Configuration Boattall M. Team

NOO1O 1.0 g° 0.95, 1.10, 1.20 NASA Langley

N1202 0.2 12° 0.85, 1.10, 1.20 NASA Lewis

N2002 0.2 20° 0.5, 1.10, 1.20 NASA Langley

Ni205 0.5 12° 0.95, 1.10, 1.20 MDA-ATAD
MDA-ATAD

N1605 0.5 i6° 0.95, 1.10, 1.20 MDA-NAMP
NASA Langley
NASA Lewis

N2005 0.5 20° 0.95, 1.10, 1.20 MDA-NAMP

Figure 5. - Configuration Run Matrix.

Figure 6. - Typical Full Scale Nacelle Surface Grid Definition.
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Figure 13. - Mach Number Contours Along Centerline for 1605 Configuration at M=1.1.
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Figure 14. - Pressure Contours and Distributions for 1805 Configuration at M=1.1.
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Figure 15. - Final CFD Nozzle Dra§ Coeficient Results for 1605 Configuration at M=1.1.
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Figure 18. - Mach Number Contours Along Centerline for 1605 Configuration at M=1.2.
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Figure 18. - Final CFD Nozzle Drag Coefficient Results for 1605 Configuration at M=1.2.
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Figure 22. - Comparison of IMS Drag Predictions with Axisymmetric Nozzle Test Data (B=15 deg, Ag/A=0.45).
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Figure 23. - Comparison of IMS Drag Predictions with 2D Nozzle Test Data (RC/RCM=0.12, Ag/A=0.2).
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Figure 24. - Comparison of IMS, CFD and Previous Method Nozzle Boattail Drag Coefficient Predictions at M=0.85.
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